Hydrogen bond patterns, proton ordering, and phase transitions of monolayer ice in twodimensional hydrophobic confinement are fundamentally different from those found for bulk ice.
I. INTRODUCTION
an efficient means to reach a stable state at the beginning of a run. During the subsequent production run of another 5 ns length, the temperature is controlled by the Nosé-Hoover thermostat with a coupling constant τ = 0.2 ps [98, 99] and the pressure is controlled by the pressure coupling Parrinello-Rahman barostat [100, 101] which are known to yield more stable N P T conditions than the velocity-rescaling thermostat and the Berendsen barostat, respectively. The equations of motion are integrated using the leap-frog algorithm with a timestep of 1 fs with periodic boundary conditions in all directions. For the LJ part of the water-water and the water-carbon interaction a cutoff radius of 0.9 nm is applied. The Coulombic interaction of the water partial charges is treated by a real-space cutoff at 0.9 nm and the reciprocal part is treated by the Particle-Mesh Ewald (PME) method [102, 103] .
In some of the simulations presented in Sec. III C, it was necessary to determine the (solid or liquid) phase of the quasi-2D ice confined in the nanocapillary. We analyzed the mobility of the water molecules by calculating the mean square displacement (MSD), i. e.,
Here, N W is the number of the water molecules, and r i (t) − r i (0) is the average distance they travel in a given time t, here three nanoseconds. If the MSD grows linearly with time, its slope can be related to the self-diffusion constant D through the Einstein relation:
When using conventional MD simulation techniques there are sampling problems connected with the rare events of transitions between metastable structures of water confined in the graphene slit. This is illustrated here for the dimensionless polarization µ which is defined as the sum of the water dipoles projected onto the graphene planes, divided by the number of water molecules, N W , and by the dipole moment, µ 0 , of a single water molecule which is 2. the SPCE, TIP3P, TIP4P, TIP4P/Ice, and TIP5P models, respectively.
where µ i is the dipole moment for the i-th water molecule along the graphene planes. As an example, Fig. 2 shows the time evolution of the dimensionless polarization µ for 467 water molecules inside a graphene slit for T = 300 K simulated with the SPCE water model. Even though the simulation period is rather long (200 ns), we observe only very few transition events between various metastable water states for this trajectory. Obviously, the reason why such events are so rare is because they involve concerted rotations of many (or even all!)
water molecules. Hence, it is computationally too expensive to sample the whole phase space of the system with conventional MD simulations. Instead, in the present work we make use of the REMD technique which is based on an ensemble of non-interacting MD simulations for different temperatures. In analogy to conventional Metropolis Monte Carlo simulations building on random walks in configuration space, the REMD algorithm represents a random walk in temperature space. The motivation is that broader sampling can be obtained at high temperatures, from where the configurations can swap to the lower temperatures. Thus, the simulated systems can overcome barriers between local minima of the energy through exchanging configurations between two neighboring temperatures [89] [90] [91] . The exchange between temperatures i and j is governed by a Metropolis-Hasting algorithm [105] , which satisfies the detailed balance condition [91] . The resulting exchange probability is given by
where U (r i ) and U (r j ) specify the potential energy of the configurations for the two temperatures and
is the inverse temperature and k B is the Boltzmann constant.
Our REMD simulations are performed using MPI GROMACS 5.0 [94] in an N V T en-semble. The N T temperatures are distributed exponentially according to
where the temperatures range between T min = T 0 and T max = T 0 e kN T and where the parameter k can be tuned to obtain temperature intervals allowing for sufficient acceptance probabilities P ij which should be typically within 0.2 . . . 0.3 [94] . In some cases, however, it proved necessary to manually adjust the temperatures to meet this requirement, see Tab. I.
In our simulations of water confined in a graphene nanocapillary, the temperature distributions are ranging from T min = 200 K, where all the water structures are practically frozen, to different T max ≈ 600 K where replicas are not trapped in local energy minima anymore.
The number of temperatures, N T , which is 28 for SPCE and 30 for the other four water models, depends on the acceptance probabilities.
In practice, the REMD scheme is initialized by running conventional MD simulations of 1 ns length, to achieve equilibration for each of the temperatures separately. Then short REMD simulations (100 ps) were carried out to validate the acceptance probability between adjacent replicas and/or to calibrate the above parameter k where exchanges are attempted every 1 ps. Afterwards, long REMD simulations (with a total length of 20 ns) are performed which are the basis of our analyis given in Sec. III C.
III. RESULTS AND DISCUSSION

A. Determination of Graphene Nanocapillary Water Filling
Before investigating the structure and dynamics of confined water, we first have to determine the water occupancy of the graphene capillary, i. e. the number of water molecules entering spontaneously the graphene slit which connects the two water reservoirs containing 1000 water molecules each as shown in Fig. 1 . Similar filling studies can be found in
Refs. [22, 64] but there a systematic investigation of the effects of different (water-water and water-carbon) force fields, such as reported in Ref. [38] for CNTs, is still missing. In this part of our investigation, MD simulations using the N P T approach of Sec. II B are applied to investigate the spontaneous filling process and determine the number of water molecules N W (per square nanometer 1 nm 2 ) for different temperatures and different pressures. In order to study the influence of the force fields, three series of simulations are performed.
First, the effect of the water-carbon interaction strength η on the water occupancy is investigated for different water-water interaction models. Our results for isotropic watercarbon interaction (δ = 0) are shown in Fig. 3 a, for T = 300 K and for two different pressures, 0.1 MPa and 1000 MPa. By varying the interaction strength η between 0.25 kJ/mol and 1.5 kJ/mol, we simulate the transition from hydrophobic to hydrophilic graphene for the water models SPCE, TIP3P, TIP4P, TIP4P/ICE, and TIP5P. For ambient pressure, P = 0.1 MPa, water is repelled from the interior of the graphene nanocapillary below a certain value of η. Interestingly, that threshold appears to be similar (η ≈ 0.5 kJ/mol) for four out of five water models. Only for the TIP3P model, water spontaneously fills the graphene slit for P = 0.1 MPa already for η = 0.25 kJ/mol. Above the respective threshold values, the water filling quickly rises and reaches saturation. For high pressure (1000 MPa), water can fill the graphene slit practically without barrier, independent of the interaction strength, but the density is only slightly higher than for ambient pressure 0.1 MPa.
Second, the effect of the anisotropy δ of the water-carbon interaction on the water occupancy is investigated, again for different water models. In contrast to the effect of the interaction strength η, the anisotropy δ does not affect N W notably, as shown in Fig. 3 (b) for ambient pressure P = 0.1 MPa and high pressure P = 1000 MPa. In contrast to bulk water at ambient conditions, where the difference in the water density simulated with different water models is negligible [106] , this is not the case for our results shown in Fig. 3 (a) and Fig. 3 (b) , where the water occupancy reaches notably different values. Hence, this difference can be considered as an effect of quasi-2D confinement in the graphene slit. On the contrary, for P = 1000 MPa, the water densities display much less differences between the different water models.
Finally, the effect of pressure P on the water occupancy is shown in panel (c) of fast and then slows down. Overall, the number N W for low temperature is higher than for high temperature, which can be caused by the different structures adopted at different temperatures, see below.
In summary, the above calculations show that the water occupancy of a graphene slit reached by spontaneous filling depends much more sensitively on the choice of the water model for ambient conditions than for high pressure (1000 MPa). In the former case, there is a threshold with the effect of interaction strength η at ambient conditions for all investigated water models but not for TIP3P. Throughout the remainder of this work, a value of η = 1 kJ/mol and δ = 1 will be used which is in agreement with our previous CCSD studies [83] and also with our previous simulations of water confined inside CNTs [38] . The resulting water densities found for the five different water models at P = 1000 MPa high pressure condition are listed in Tab. II. These values will be used consistently both for the mimimum energy configurations and for the finite temperature REMD simulations described in the following two subsections.
B. Minimum Energy Structures
This section is concerned with structure and polarization of water confined inside a graphene slit of 0.65 nm width within which water can form quasi-two-dimensional, single layer ice structures. First, we will discuss minimum energy structures which are obtained by means of a steepest decent algorithm implemented in the GROMACS 5.0 software package [94] . In order to sample the multitude of local minima of the high-dimensional potential energy landscape, a large number of minimizations were performed, which were initialized from The proton ordering of the confined water can be quantified on the basis of the dimensionless polarization µ introduced in Sec. II C. Here we classify minimum energy structures as ferroelectric (FE) for 0.9 ≤ µ < 1, ferrielectric water (FI) for 0.1 ≤ µ < 0.9 and antiferroelectric (AF) with µ < 0.1.
The water-water and water-carbon interaction energies are also given in Tab. III. Note that in the following only the most stable, ordered minimum energy structures are discussed for each of the five water models under consideration.
SPCE Water Model
The minimum energy structures for water inside a graphene slit simulated by the tradi- For the TIP3P water model, another traditional three-site water force field, we found only one minimum energy ice structure, the flat rhombic (FR) structure c. In the top view of • with each other.
TIP4P Water Model
For the four-site TIP4P water model, we found two types of minimum energy ice structures. The puckered nearly square (PNS) structure d with angle α peaked around 90
• , 75
• and 105
• is very similar to structure a (FNS) found for the SPCE water model. Again, the strength of the 90
• peak matches the strength of the sum of the other two. In addition, the angle distribution of structure d displays minor peaks near 81
• and 99
• . In both dimensions of the ice monolayer, the oxygen atoms are connected by zigzag lines with angles around α=163
• . In addition, we also find a puckered rhombic (PR) minimum energy structure e.
In the top view of Finally, both structures d (PNS) and e (PR) are AF with polarization µ near zero, hence in that respect very similar to structure a (FNS). The energy E W −W is 0.72 kJ/mol lower for structure d (PNS) than for structure e (PR).
TIP4P/ICE Water Model
The TIP4P/ICE model is a modification of the original TIP4P model, aiming at an improved reproduction of the phase diagram of bulk water, but without a deterioration of the remaining bulk water properties. In our work on quasi-2D ice, we found one puckered nearly square (PNS) configuration f for the water model TIP4P/ICE, which is quite similar to structure d (PNS) found for the original TIP4P water model, as shown in Figs. 4 and 5. Also the AF proton ordering of structure f (PNS) is quite similar to that of structure d (PNS). However, the oxygen network of the former one appears to be a bit less puckered.
TIP5P Water Model
The five-site TIP5P water model was originally introduced to reproduce the bulk water density over a very wide range of pressures, including the density maximum near T ≈ 277 K at ambient pressure. When using this water model in simulations of quasi-2D water confined in a graphene nanocapillary, we found two minimum energy ice forms, namely the flat rhombic (FR) structure g and the puckered rhombic (PR) structure h. With the angular peaks located at 71
• , 101
• and 116
• , the FR structure g is regular but more tilted than the rhombic structures discussed above. Moreover, the peaks are not symmetric around 90 • for water model TIP5P. Finally, there is another peak at 172
• which indicates a slight curvature of the O-atom connectors.
The puckered rhombic (PR) structure h does not present a single crystalline form like all structures mentioned thus far, but rather it contains different rhombic sub-structures. This is confirmed by the angle distribution in Fig. 5 , displaying several groups of peaks around 60
• and around 115
• . Again the peak at 169
• shows that there are zigzag oxygen lines in both dimensions similar to structure g (FR).
In contrast to our findings for the three-and four-site water models, both in structures To further analyze the structure of water confined in a graphene nanocapillary, we also analyze the H-bonding networks obtained from our REMD simulations as shown in Fig. 9 .
To go beyond the number of H-bonds each water molecule is engaged in, the pattern of H-bonding between nearest neighbors is characterized here by joint probabilities p na,n d of a water molecule to act n d times as a donor and n a times as an acceptor at the same time [107] . To account for the floppy arrangement of water molecules in our simulations, we use a relaxed criterion for the detection of H-bonds, i. e. , O-O distance up to 0.35 nm and deviation from linearity of the O-H · · · O arrangement up to 45 degrees.
SPCE Water Model
From T = 200 K to T = 283 K, the distribution of peaks in the angle histogram of 
140
• the intensity increases smoothly, indicating the coexistence with irregular tetragons and pentagons. The detection of this melting-like transition is also supported by the temperature dependence of the hydrogen-bonding patterns shown in Fig. 9 . At T = 577 K the probability of fourfold coordination, p 2,2 , starts to decrease drastically while that for threefold coordination, p 1,2 , starts to rise. Moreover, Fig. 7 shows that there is also a substantial loss of proton ordering in the same temperature range, leading from FI to AF arrangements.
In summary, this transition from an ordered quasi-2D crystal to a liquid-like phase is a first-order transition, which is also clear from Fig. 8 showing a sudden increase of the total water potential energy by nearly 4.0 kJ/mol (obtained from linear fits to the water-water potential energy below and above the transition temperature). This latent heat is higher than the bulk ice melting energy of 3.1 kJ/mol obtained for SPCE water simulations which, however, largely underestimates the experimental value of 6.029 kJ/mol [108] at 273 K for ambient pressure (0.1 MPa), see also Tab. IV. Obviously, the confinement of water inside a graphene capillary with a high pressure of 1000 MPa causes the substantial increase of the transition temperature from 215 K to 577 K for SPCE water model.
TIP3P Water Model
At T = 200 K the distribution of peaks in the angle histograms in curves show an inflection at 532 K with a latent heat around 3.4 kJ/mol which is much higher than the bulk water melting energy of 1.3 kJ/mol from TIP3P simulations. Again, the melting temperature of the quasi-2D water is much higher than for bulk water, which is due to the confinement and the high pressure of 1000 MPa.
The melting-like transition is also reflected in the structure of the H-bonding networks. Fig. 9 shows that from T = 200 K to T = 532 K the joint probability p 2,2 decreases continuously indicating that the quasi-2D ice structure disappears. Between T = 551 K and T = 617 K the joint probability p 2,2 decreases further (but more slowly) while there are increasing probabilities of defects with two-, three-, and even five-fold coordination.
TIP4P Water Model
At T = 200 K, the distribution of the peaks in the angle histogram of Fig. 6 shows that the oxygen atoms are organized in a nearly square (PNS) fashion, similar to that shown in The temperature dependence of the energy decomposition, see Fig. 8 , and of the hydrogen bonding pattern, see Fig. 9 , however, are less sensitive to this transition because the two phases are nearly isoenergetic and share the same hydrogen bonding pattern. Again, this solid-solid structural transition is classified as a second-order phase transition. It is worth mentioning that both the square and the rhombic TIP4P quasi-2D phases are puckered which is quite different from the water structures obtained for the SPCE and TIP3P water models.
Both Figs. 6 and 7 show another phase transition between T = 424 K and T = 434 K with the sudden disappearance of the peaks in the two types of histograms. Again, this is a melting-like transition from a solid to a liquid-like phase, similar to those discussed for the three-site water models. This first-order transition is also detected in the H-bond patterns shown in Fig. 9 and in the energy decomposition shown in Fig. 8 . There, all curves for water show an inflection at T = 424 K which is much higher than the melting temperature for TIP4P bulk water at T = 232 K. Our value for the quasi-2D water latent heat around 3.3 kJ/mol is below the bulk water melting energy 4.4 kJ/mol from TIP4P simulations, see
Tab. IV.
TIP4P/ICE Water Model
The TIP4P/ICE model is a variant of the original TIP4P model, intended to improve the properties of ice and the phase diagram for bulk water. In particular, the predicted melting temperature of hexagonal ice (Ih) at 0.1 MPa is now at a much more realistic value of 272.2 K. The results of our simulations for quasi-2D water using the TIP4P/ICE model can be seen in the angle histograms of Fig. 6 . At T = 200 K, the peaks at 75
• , 90
• , and
105
• suggest that the oxygen atoms are organized in a nearly square fashion corresponding to phase f (PNS), see Fig. 4 (f). From T = 200 K to T = 515 K, the three peaks become more and more blurred, thus indicating an increasing flexibility of the quasi-2D ice structure.
Throughout this temperature range, the polarization µ remains very low (see Fig. 7 ), in accordance with the AF character of structure f.
Between T = 515 K to T = 529 K, both the oxygen and hydrogen atoms become disordered and the structure changes from solid to liquid-like. The temperature for this melting-like transition is considerably higher than for the original TIP4P model. Again, this transition is a first-order phase transition which is confirmed the hydrogen bonding pattern (Fig. 9) as well as the energy decomposition (Fig. 8) . The latent heat of 3.8 kJ/mol is less than the bulk water melting energy 5.4 kJ/mol from TIP4P/ICE simulation, both of which are notably higher than the corresponding values for the TIP4P model, see again Tab. IV.
TIP5P Water Model
From T = 200 K to T = 229 K, the distribution of peaks in the angle histograms in Fig. 6 indicates a flat rhombic oxygen structure. The peaks are located around 70
• and 110
• resembling those found for structure g (FR) which is also confirmed by the high polarization (FE) of µ ≈ 0.97 in Fig. 7 . From T = 238 K to T = 297 K, the angular peaks shift and their distribution becomes broader, thus becoming similar to structure h (PR) as shown in Fig. 4 , with the oxygen atoms being more irregular and also weakly puckered. This ice phase is also FE with very high polarization value µ ≈ 0.95, but slightly lower than for the lowest temperature phase, as shown in Fig. 7 . The transition between the FR and PR phases occuring in the temperature range from T = 229 K to T = 238 K is a second-order transition since no latent heat is involved, see the energy decomposition shown in Fig. 8 .
Between T = 309 K and T = 533 K, the angular distributions in In the present work we have investigated the structure and dynamics of quasi-2D water confined in between two layers of graphene at a distance of 0.65 nm. In a first series of simulations we determined the water occupancy of the nanocapillary for five different water-water interaction models using MD simulations. It is found that the differences in the water occupancy at high pressure (1000 MPa) are negligible. Furthermore, neither the total water-carbon interaction strength, η, nor the corresponding anisotropy parameter, δ, have notable effects on the water occupancy.
Based on the water occupancies obtained from these filling simulations, we studied minimum energy quasi-2D ice structures for the different water models. The main difference from bulk ice is the complete absence of hexagonal structure; instead only tetragonal arrangements are found. Depending on the tilt angle, τ , these tetragons are classified as nearly square or as rhombic. Both these classes of structures are found for the SPCE and TIP4P
water models at very similar energy. However, only nearly square patterns are observed for water model TIP4P/ICE whereas in other cases (TIP3P, TIP5P) only rhombic minimum energy structures are detected. Note the analogy with our previous studies of water confined inside low-diameter carbon nanotubes (CNTs) [38] . When unrolling the single-walled ice nanotubes (INTs), very similar water networks were found. For near-zero, medium, or strong tilt of the tetragons, the INT structures could be classified as prism-like, single helix, or double helix, respectively.
In addition, we studied the effect of using different water models on the proton ordering of quasi-2D ice. Our calculations revealed antiferroelectric structures for SPCE, TIP4P
and TIP4P/ICE, whereas ferrielectric arrangements are found for SPCE and TIP3P. Only for TIP5P also ferroelectric quasi-2D ice was detected, which is partly different from our previous results for single walled INTs inside CNTs where also various ferrielectric and antiferroelectric structures were found [38] .
In conclusion, by comparing both oxygen arrangements and proton ordering, we showed that the choice of water models plays a key role in determining the outcome of our sim- 
